Objective: To evaluate the utility of targeted exome sequencing for the molecular diagnosis of mitochondrial disorders, which exhibit marked phenotypic and genetic heterogeneity.
Mitochondrial disorders are a heterogeneous collection of rare disorders caused by mitochondrial dysfunction. 1 Multiple organ systems can be affected, with features that can include myopathy, encephalopathy, seizures, lactic acidosis, sensorineural deafness, optic atrophy, diabetes mellitus, liver failure, and ataxia. 2 Mitochondrial disorders can be caused by mutations in the nuclear or mitochondrial genomes, and more than 100 genetic loci have been identified to date. 3, 4 Whereas these disorders may be inherited in a maternal, recessive, X-linked, or dominant manner, many patients have no obvious family history of the disorder. [5] [6] [7] Because of phenotypic and locus heterogeneity, traditional sequential genetic tests result in molecular diagnoses for only a fraction of patients. 8 Limitations in traditional genetic testing have motivated our group and others to develop "next-generation sequencing" (NGS) approaches for molecular diagnosis. [9] [10] [11] [12] Previously, we developed a targeted "MitoExome" sequencing approach for the molecular diagnosis of mitochondrial disease and benchmarked its performance in a cohort of 42 severe, infantile cases with biochemically proven mitochondrial respiratory chain disease. 13 MitoExome sequencing enabled new molecular diagnoses in 24% of cases and, in an additional 29% of cases, identified recessive candidate disease genes, 3 of which have since been independently validated. [14] [15] [16] Here, we evaluate a similar approach in a collection of 102 patients with suspected mitochondrial disease, spanning a broad range of age and phenotypic severity. METHODS Subjects. We considered patients that were referred to the Massachusetts General Hospital (MGH) Mitochondrial Disorders Clinic for evaluation of possible mitochondrial disease and enrolled in the Partners DNA and Tissue Repository for Molecular Studies in Disorders of Energy Metabolism during 2004 to 2011. Of the 159 unrelated patients for whom high-quality DNA was available, we selected the 102 subjects with the highest clinical suspicion of mitochondrial disease, based on chart review and review of biochemical testing results. The selected cases included as positive controls all 18 patients with prior molecular diagnoses acquired through traditional genetic testing (13 mitochondrial DNA [mtDNA] and 5 nuclear mutations), 11 of which were made before referral to MGH. The remaining 84 patients had no prior molecular diagnosis, despite varying degrees of genetic testing in 74 cases. Of the 102 selected cases, 75% had histologic studies, 63% had blood metabolite studies, 33% had neuroimaging studies, and 68% had enzyme analysis of the electron transport chain (ETC) from muscle biopsy. Muscle biopsies were not typically performed in patients with prior molecular diagnoses.
Standard protocol approvals, registrations, and patient consents. Study protocols were approved by the Partners Human Research Committee. All samples were obtained with informed consent for sequence analysis and data deposition into public databases.
MitoExome sequencing and variant detection. We expanded our previously reported MitoExome sequencing protocol to include additional genes of interest (appendix e-1 on the Neurology ® Web site at www.neurology.org). Specifically, we targeted 3.1 Mb of DNA including the mtDNA and coding exons of 1,598 nuclearencoded genes (table e-1): 113 genes known to cause mitochondrial disease, 945 high-confidence mitochondrial genes from MitoCarta, 17 327 genes predicted to associate with mitochondrial function, and 213 genes underlying monogenic disorders in the differential diagnosis, i.e., metabolic and neurologic disorders with phenotypic similarity to mitochondrial disease. DNA was extracted from whole blood or Epstein-Barr virus-immortalized lymphoblastoid cell lines. Targeted DNA regions were captured 18 and sequenced (paired-end 76 base pair reads, Illumina GA-IIx or Hi-Seq) 18, 19 at the MGH Next-Generation Sequencing Core. Sequence alignment, variant detection, and annotation were performed as described in appendix e-1. mtDNA variants with $1% heteroplasmy based on read count were identified, and confirmatory quantitative PCR assays were performed at m.3243, m.8344, and m.8993 (Baylor College of Medicine, test 3006).
Variant prioritization. We prioritized the following mtDNA variants: i) confirmed pathogenic variants in MITOMAP, 20 with allele frequency (AF) ,0.5% in mtDB, 21 ii) mtDNA deletions/ rearrangements detected through de novo mtDNA assembly, 13 and iii) loss-of-function (i.e., nonsense or frameshift) mutations with AF ,0.3% in mtDB 21 and present in ,10% of 102 cases. Variants with heteroplasmy ,20% were confirmed in an independent DNA sample or were considered prioritized variants of unknown significance.
We prioritized the following nuclear variants: i) known pathogenic variants (Human Gene Mutation Database 22 version 2010.3) with AF ,1% in 1000 Genomes Project 23 (low coverage release 20110511), and ii) variants with AF ,0.5% that were likely deleterious, including nonsense, splice site, coding indel, and missense variants at sites conserved in $10 of 44 aligned vertebrate species. 13 For established autosomal recessive disease genes, we required presence of homozygous or 2 heterozygous variants. For X-linked recessive disease genes, we required 2 variants in females or a hemizygous variant in males. Nuclear variants in candidate genes not previously linked to disease were prioritized as above but considered to be prioritized variants of unknown significance. For dominant disease genes (autosomal or X-linked), we required AF ,0.1%. All prioritized variants were manually reviewed to remove likely sequencing artifacts and to phase potential compound heterozygous variants (appendix e-1). Prioritized variants are listed in table e-2.
Estimating the background frequency of variants. mtDNA was analyzed in 284 healthy individuals of European descent with whole-genome data from the 1000 Genomes Project. Nuclear DNA was analyzed in 371 healthy individuals of European descent with whole-exome data from the National Institute of Mental Health control sample repository. Background frequency comparisons were limited to sequence regions well covered in all individuals, as previously described. 13 Enrichment was calculated as the percent of cases vs controls containing at least 1 qualifying variant, with significance assessed by a 1-tailed binomial exact test.
Modeling the ATP5A1 mutation in yeast. The Saccharomyces cerevisiae atp1 null mutant was created in an ade2 2 background and transformed with the pRS305 plasmid expressing wild-type or mutant alleles of ATP1 (appendix e-1). Mitochondrial membrane potential, phosphate/oxygen ratio, respiratory control rate, and adenosine triphosphatase activity were measured as described. 24 Petite frequency (percent white colonies, where lack of red pigment in ade2 2 strains indicates mtDNA loss/deletion) was assessed in single haploid colonies grown, plated, and incubated in YPD (yeast extract, peptone, and glucose), as previously described. 24 Loss of mtDNA in petite colonies was confirmed via mating with a r 0 strain. Data availability. Sequence and phenotype data are available in dbGaP, accession phs000339.
RESULTS

MitoExome sequencing in 102 patients.
MitoExome sequencing was applied to 102 MGH patients with a suspected mitochondrial disorder. The cohort represented a broad spectrum of phenotypic severity ranging from lethal infantile to mild adult-onset disease (figure 1). Likelihood of mitochondrial disease was assessed as "definite," "probable," or "possible" based on the Bernier and Morava criteria. 25, 26 Fiftyone percent of patients had a biochemical ETC defect in muscle, defined as #30% of normal activity of any complex after normalization to citrate synthase activity. Eleven percent had a positive family history, defined as presence of a first-degree relative with a highly similar phenotype. Age at diagnosis, defined as the date of initial biochemical or genetic testing for a mitochondrial disorder, ranged from newborn to 64 years, with median 27 years. Sixty-seven percent of patients were female and 87% were of European descent.
The approach yielded extremely high sequence coverage with mean 226X at targeted nuclear sites and 12,680X at mtDNA sites (table e-3). Ninety-five percent of targeted bases were covered with at least 10 reads, enabling confident detection of variants at the majority of sites. The deep coverage of mtDNA enabled sensitive detection of known heteroplasmic variants, including 5 of 6 variants present at ,10% heteroplasmy (appendix e-2).
We reasoned that high-confidence "molecular diagnoses" could only be established within genes proven to cause disease consistent with the patient's phenotype. We therefore first examined variants in established disease loci, adopting guidelines from the American College of Medical Genetics to make new molecular diagnoses. 27 Prioritized variants not consistent with previously reported phenotypes, or prioritized variants in genes not previously implicated with disease, were designated "prioritized variants of unknown significance" (pVUS).
Diagnoses in mtDNA. Within mtDNA, we prioritized previously reported pathogenic variants, large deletions or rearrangements, and rare loss-of-function variants (Methods). Other rare missense and tRNA variants were not prioritized because their collective frequency could not be distinguished from that observed in healthy individuals (figure e-1).
Our diagnostic procedure correctly recovered molecular diagnoses for 12 of 13 patients with previously identified pathogenic mtDNA mutations (table e-4). The exception was a patient with m.3243A.G present at 3% heteroplasmy based on quantitative PCR in the sequenced lymphoblastoid cell line sample, underscoring the importance of tissue selection in studies of mitochondrial disease. 28 
Figure 1
Characteristics of 102 Massachusetts General Hospital patients with suspected mitochondrial disease ETC 5 electron transport chain; GI 5 gastrointestinal; mito. 5 mitochondrial.
No confident mtDNA diagnoses were established in the remaining individuals. However, we identified 6 patients with pVUS in mtDNA (appendix e-2, table e-5), representing a 2.5-fold excess over the background rate in healthy controls (p , 0.05).
Diagnoses in previously established nuclear disease genes.
We next prioritized nuclear variants within 113 genes known to underlie mitochondrial disease and 213 genes underlying monogenic disorders in the differential diagnosis. Our diagnostic procedure recovered the prior molecular diagnoses for 5 of 5 patients with pathogenic nuclear mutations (table e-6), and established new molecular diagnoses in 5 patients (table 1) .
Two of the 5 new molecular diagnoses implicated genes underlying primary mitochondrial disorders: a heterozygous POLG2 mutation known to be pathogenic 29, 30 was detected in an individual with progressive external ophthalmoplegia, and compound heterozygous mutations in NDUFV1 31 were detected in an individual with complex I deficiency in whom prior NDUFV1 sequencing had detected only 1 variant.
The other 3 new molecular diagnoses, described below, implicated autosomal recessive variants in genes known to cause monogenic disorders in the differential diagnosis: dihydropyrimidine dehydrogenase (DPD) deficiency (DPYD), 32 Wolfram syndrome (WFS1), 33 and a Charcot-Marie-Tooth-like axonal neuropathy (KARS). 34 Importantly, the phenotypes of these patients were not clearly discernible even in retrospect from the remainder of the cohort, underscoring the phenotypic and biochemical overlap between canonical mitochondrial disease and other monogenic disorders.
Patient 1097, of Indian descent, developed multiple neurologic symptoms starting at age 4 years, including toe walking, tremors, and dystonia. Muscle tissue showed reduced complex I 1 III activity and electron microscopy showed accumulation of pleomorphic subsarcolemmal mitochondria, some with complex cristae. Sequencing revealed a homozygous splice mutation in DPYD previously associated with recessive DPD deficiency and 5-fluorouracil toxicity. 32, 35 The diagnosis of DPD deficiency was confirmed by subsequent urine tests that showed highly elevated uracil (395 mmol/moL creatinine; reference range ,28) and thymine (300 mmoL/moL creatinine; reference range ,6).
Patient 1073, of Ashkenazi ancestry, presented with type 1 diabetes at age 33 years and developed autonomic dysfunction, cerebellar atrophy, and severe memory loss. Muscle biopsy showed heteroplasmic mtDNA deletions. MitoExome sequencing revealed a homozygous missense mutation in WFS1 underlying Wolfram syndrome, which was not detected by initial clinical gene sequencing, as previously described. 36 Gene not previously linked to disease.
Patient 1098, of European descent, presented at 6 months of age with developmental delay, hypotonia, ophthalmoplegia, and other neurologic manifestations (table 1), and died by age 4 years. EEG and MRI were unremarkable; however, brainstem auditory-evoked potential study at 10 months was markedly abnormal, suggesting severe peripheral conduction defects in the auditory pathways bilaterally. Metabolic studies showed elevated plasma alanine (657 mmol/L; reference range 142-421) and CSF lactate (2.4 mmol/L; reference range 0.5-2.2); increased mtDNA levels were found in muscle (187% of controls). Sequencing revealed compound heterozygous missense mutations in KARS, which encodes both the cytoplasmic and mitochondrial lysyl-tRNA synthetase (figure e-2). Although formal experimental proof is needed, given the predicted severity of the mutations at highly conserved residues and the previous report of recessive KARS mutations in patients with overlapping symptoms, the observed mutations are likely to underlie our patient's phenotype, as discussed in appendix e-2.
In addition to 5 new molecular diagnoses, 11 patients harbored pVUS in established nuclear disease loci (appendix e-2): 7 in recessive-acting genes (4-fold enrichment over background frequency, p , 0.05), and 4 in dominant-acting genes (no enrichment over background) (Methods).
Altogether, analysis of .300 established disease loci in the mitochondrial and nuclear genomes recovered the diagnoses of 17 of 18 patients with prior molecular diagnoses and led to new molecular diagnoses in 5 of 84 previously unsolved cases (figure 2).
Parental sequencing. To assess whether de novo mutations could be a major contributor to sporadic disease, we performed MitoExome sequencing on parental DNA from 5 probands without family history of disease. No confirmed de novo mutations were identified.
Prioritized recessive and X-linked variants in genes not previously linked to disease. We next explored whether disease-causing mutations may lie in 1,283 nuclearencoded candidate genes associated with the mitochondrion but not previously linked to disease.
If candidate genes truly underlie disease, we might expect an increased number of predicted deleterious variants in patients compared with healthy individuals (figure e-3). We observed modest 2-fold enrichment for likely recessive variants (p , 0.05) and 7-fold enrichment for hemizygous X-linked variants in male patients (p , 0.01). No significant enrichment was observed for prioritized heterozygous variants, X-linked variants in females, or synonymous variants.
Altogether, 17 candidate genes not previously linked to mitochondrial disease harbored autosomal recessive or hemizygous X-linked variants (figure 2, table e-5). We emphasize that because of the modest enrichment over background, only a subset is expected to be causal. Further genetic and experimental studies are needed to establish pathogenicity. Pathogenicity of ATP5A1 mutations in a yeast model. In one such case, we investigated prioritized variants detected in an infant with combined oxidative phosphorylation (OXPHOS) deficiency and mtDNA depletion ( figure 3 ). Patient 1020, born to consanguineous first-cousin parents of Moroccan descent, presented at birth with microcephaly, pulmonary hypertension, and heart failure requiring extracorporeal membrane oxygenation, hypotonia, hyperalaninemia, and bacteremia. She died at the age of 3 months. Muscle tissue showed decreased ETC activity (22% complex I 1 III and 30% complex IV activity) and mtDNA depletion (42% of controls in muscle, 39% in liver). The patient had 1 healthy sister and 1 sister who died at 15 months with a similar clinical presentation and combined OX-PHOS deficiency in muscle, consistent with a recessive disorder. MitoExome sequencing revealed a homozygous ATP5A1:c.962A.G (p.Y321C) variant, which was not present in 1000 Genomes or in the Exome Variant Server, and introduced a missense mutation at a residue evolutionary conserved to bacteria ( figure  3B ). The variant was homozygous in the affected sister and heterozygous in their mother. DNA from the father and unaffected sister was unavailable. The only other homozygous variant prioritized in the proband (HAO2:p.D259E) did not segregate with disease in the family.
Because cultured patient fibroblasts did not survive lentiviral transduction required for human complementation studies, we modeled the ATP5A1:p. Y321C mutation in yeast. This mutation lies within a highly conserved region of the protein associated with mitochondrial genomic integrity (mgi) in yeast; nearby mutations result in decreased coupling of the adenosine triphosphate (ATP) synthase and lead to a high rate of mtDNA loss (figure e-4). 24 We expressed the analogous yeast variant (ATP1:p.Y315C) in an atp1 knockout strain and observed a 3-fold increase in petite frequency, reflective of the rate of mtDNA loss, and a 2-fold decrease of mitochondrial membrane potential (p , 0.01, t test) compared with expression of wildtype ATP1 (figure 3D), consistent with reported mgi mutants. 24 Collectively, the familial segregation, severe amino acid change of a highly conserved residue, and increased rate of mtDNA loss in a yeast model consistent with the patient phenotype strongly support the pathogenicity of this ATP5A1 mutation.
Predictors of diagnostic efficacy. We investigated whether any patient features correlated with the rate of diagnostic success, including family history, age of onset, and ETC deficiency. We observed significant enrichment of molecular diagnoses only in cases with clear family history (table e-7) .
Cohort comparison. Lastly, we compared the rate of molecular diagnosis from this study and our previous sequencing study of 42 infants with severe, biochemically proven OXPHOS disease. 13 We limited the analysis to cases without prior molecular diagnoses, and only focused on the subset of 1,034 genes that were analyzed in both studies. 13 Compared with the infantile cohort, the 84 MGH patients with suspected mitochondrial disorders contained markedly fewer new diagnoses and prioritized recessive variants in mitochondrial proteins not yet linked to disease (figure 4). Similar differences were observed when considering all patients, including those with prior molecular diagnoses (figure e-5). DISCUSSION We assessed the efficacy of targeted NGS for molecular diagnosis in 102 patients with a suspected mitochondrial disorder, providing new molecular insights into the genetic basis of mitochondrial disease and lessons for incorporating NGS in the clinic. Unlike our previous study of biochemically proven infantile cases, the current study includes many patients with late-onset presentations and uncertain clinical diagnoses. MitoExome sequencing recovered 94% of prior molecular diagnoses and yielded molecular diagnoses for 7% of patients refractory to traditional genetic testing, less than a third the diagnostic success rate (24%) observed in our previous study. 13 Two major possibilities exist to explain the lower yield. First, milder cases may be attributable not to severe, recessive, coding mutations, but perhaps to variants with incomplete penetrance, regulatory variants, or genetic interaction of weaker alleles. Second, a subset of our MGH patients may not actually have primary mitochondrial disease, despite clinical and biochemical features used in standard diagnostic algorithms. It is notable that 2 proteins implicated in disease localize outside of mitochondria, which may help delineate pathways of crosstalk between mitochondria and other cellular compartments. Mutations in WFS1, a protein localized to the endoplasmic reticulum, have been previously linked with mtDNA deletions. 37 DPYD, a cytosolic enzyme in pyrimidine metabolism also responsible for catabolism of the chemotherapeutic drug 5-fluorouracil, has not been linked to mitochondrial function, but defects in 2 adjacent metabolic enzymes cause mtDNA depletion syndromes: TYMP (OMIM #603041) and TK2 (OMIM #609560). Further studies are needed to explore whether mitochondrial defects are typical in DPD deficiency.
Our study identified 26 patients with prioritized variants of unknown significance in known or candidate disease genes. In one case, we provide evidence that recessive mutations in ATP5A1, the a subunit of the F 1 -F o ATP synthase, can underlie combined OXPHOS deficiency. This is the second nuclearencoded complex V subunit linked to disease. 38 Our study suggests that mutations in this complex may have a secondary impact on mtDNA homeostasis and the respiratory chain (appendix e-2).
A number of lessons have emerged from our study that may be useful as NGS is introduced into the clinic. First, targeted exome sequencing is a cost-effective and time-efficient alternative to traditional, sequential testing of the mtDNA and individual nuclear genes. For a subset of patients, a firm molecular diagnosis can be established quickly in a minimally invasive manner. Prospective studies will be required to determine the efficacy of such technology as a first-line diagnostic test. Second, our study underscores the phenotypic overlap between mitochondrial disorders and other genetic syndromes, and as costs decrease, argues for whole exome or whole genome sequencing. Third, when possible, we advocate familial sequencing to facilitate phasing of haplotypes, detection of de novo variants, and filtering of candidate variants. Fourth, our study underscores the need for guidelines for interpretation of NGS data for mitochondrial disorders. Larger databases of healthy and morbid genomes will aid in future interpretation, and to this end, our data have been deposited into dbGaP. Finally, DNA sequence must not be interpreted alone, but rather in the context of the broader clinical picture. Principled methods combining genomic, Figure 4 New molecular diagnoses and prioritized recessive genes
Comparison of MitoExome analysis from our (A) previous study 13 and (B) current study, showing the fraction of patients with firm molecular diagnoses (dark blue) and autosomal recessive candidate genes (light blue). Comparison is restricted to the subset of patients who lacked molecular diagnosis before MitoExome sequencing and to the 1,034 genes analyzed in both studies (thereby excluding 212 differential diagnosis genes from the current study). MGH 5 Massachusetts General Hospital; mito. 5 mitochondrial; mtDNA 5 mitochondrial DNA.
biochemical, and clinical data will be required to usher NGS into the clinical arena. 
